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Biochemical characterization
SDS–PAGE and western blotting were performed as described in ref. 18. Optical
absorption spectra were measured at room temperature using a Shimadzu MPS 2000
spectrometer. Steady-state fluorescence spectra were obtained using a Perkin Elmer LS50
at 77K and measured with an excitation wavelength of 440 nm. To record excitation
spectra, the sample was excited between 650 and 700 nm and the fluorescence detected at
720 nm. HPLC size exclusion analyses were performed using a Phenomenex BioSep SEC
S3000 column.
Electron microscopy
Preparations were negatively stained with 2% uranyl acetate on glow discharged carbon
evaporated grids, and imaged using a Philips CM 100 electron microscope at 80 kV. The
magnification was calibrated to be ·51,500. Twenty electron micrographs were taken for
each preparation, and subsequently calculated to have the first minima of contrast transfer
function in the range of 17–23 A˚.
Image processing and modelling
Electron micrographs were digitized using a Leafscan 45 densitometer set at a step size of
10 mm. Single-particle data sets of approximately 3,000 (CP439–PSI supercomplex) and
4,000 (PSI trimer) were obtained by interactively selecting all possible particles from the
micrographs. All subsequent processing was performed within the IMAGIC-5 software
environment19,20. The single-particle images were coarsened by a factor of 2 resulting in
3.88 A˚ per pixel on the specimen scale. Reference free alignment coupled with multi-
variate statistical classification21 was used to identify initial class averages, which were then
used for iterative refinement until the data merged, resulting in the improved class
averages shown.
Co-ordinate data sets were obtained from the RCSB data bank (http://www.rcsb.org)
under the entry codes 1C51 (PSI 4 A˚ structure10) and 1FE1 (PSII 3.8 A˚ structure11). These
structural models were visualized using the program Swiss-PDB viewer22 (Glaxo-Well-
come Experimental Research) and overlaid at the same scale onto the calculated single-
particle projection maps. The carbon-a backbone for the transmembrane helices of the
CP43 subunit was extracted from the 1FE1 co-ordinates and modelled into each subunit of
the ring surrounding the PSI trimer, according to the centre of mass observed for each of
the 18 subunits within the ring.
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Cyanobacteria are abundant throughout most of the world’s water
bodies and contribute significantly to global primary productivity
through oxygenic photosynthesis. This reaction is catalysed by
two membrane-bound protein complexes, photosystem I (PSI)
and photosystem II (PSII), which both contain chlorophyll-bind-
ing subunits functioning as an internal antenna1. In addition,
phycobilisomes act as peripheral antenna systems, but no addi-
tional light-harvesting systems have been found under normal
growth conditions. Iron deficiency, which is often the limiting
factor for cyanobacterial growth in aquatic ecosystems2, leads to
the induction of additional proteins such as IsiA (ref. 3). Although
IsiA has been implicated in chlorophyll storage, energy absorp-
tion and protection against excessive light, its precise molecular
function and association to other proteins is unknown. Here we
report the purification of a specific PSI–IsiA supercomplex, which
is abundant under conditions of iron limitation. Electron micro-
scopy shows that this supercomplex consists of trimeric PSI
surrounded by a closed ring of 18 IsiA proteins binding around
180 chlorophyll molecules. We provide a structural characteriza-
tion of an additional chlorophyll-containing, membrane-integral
antenna in a cyanobacterial photosystem.
We examined the protein composition of thylakoid membranes
from the mesophilic cyanobacterium Synechococcus sp. PCC 7942
when cells were grown under conditions of iron limitation. Iron
deficiency leads to fast degradation of phycobilisomes4 and to the
expression of iron-regulated genes that enable cells to continue
growth5. We found a distinct new protein complex in elution
profiles of solubilized membrane protein complexes from iron-
deficient cells (Fig. 1a). At the same time the amount of trimeric
PSI, the most abundant protein complex under normal growth
conditions, was reduced by 60–80%. The abundance of the new
complex was inversely related to the disappearance of trimeric PSI
© 2001 Macmillan Magazines Ltd
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and represents an example of membrane-protein dynamics. We
purified this complex to homogeneity by using an additional
perfusion chromatography step (data not shown). The purified
complex had an absorption maximum at 675 nm, resembling PSII
(674 nm) rather than PSI (679 nm). Size-exclusion chromatography
gave an apparent relative molecular mass of 1,700,000 (Mr 1,700K)
for this complex (Fig. 1b). This is much larger than the molecular
mass of 900K found for trimeric PSI. Analysis of subunit composi-
tion of the new complex by SDS–polyacrylamide gel electrophoresis
(PAGE) showed that all major PSI subunits were present (Fig. 1c);
however, the complex showed additional protein bands with
apparent masses of 36, 48 and 53K (depending on the preparation).
Obviously, the complex contains several copies of IsiA that are not
always completely denatured and are separated by SDS–PAGE as
several bands at higher molecular masses. De novo sequencing of
tryptic peptides obtained from these bands resulted in perfect
matches with the IsiA protein of Synechococcus sp. PCC 7942.
IsiA was first identified as a principal protein expressed under
iron deficiency6 and is co-transcribed with flavodoxin, an alter-
native electron acceptor of PSI (ref. 7). The sequence of IsiA shows
strong homologies to the CP43 subunit of PSII. The main difference
is the lack of a large hydrophilic loop of about 100 amino acids. The
structure of CP43 has been determined to 3.8 A˚ resolution as part of
the dimeric cyanobacterial PSII core complex8. CP43 consists of six
membrane-spanning a-helices to which at least 12 chlorophyll a
molecules are bound8. As the chlorophyll-binding sites are con-
served, a similar chlorophyll content of 12 can be estimated for IsiA.
If one assumes an antenna with a chlorophyll content of 96 for PSI, a
theoretical antenna size of 168 chlorophyll/P700 is reached for the
PSI–IsiA complex (see below for the number of IsiA proteins per
PSI). This fits our chlorophyll/P700 measurements, which indicate a
60% increase in antenna size for the PSI–IsiA complex (161 6 20
chlorophyll/P700) compared with trimeric PSI (103 6 9 chloro-
phyll/P700). It was widely assumed that IsiA would interact with
PSII (ref. 9) owing to its sequence homologies with CP43. IsiA (also
called CP439) was proposed to protect PSII against excess light10,
function as an alternative antenna for PSII (ref. 9), or act as a
chlorophyll-storage protein5. In contrast, our data show that IsiA
interacts with PSI. Qualitatively, the light-saturation curves of PSI
and the PSI–IsiA complex look similar (Fig. 2), but a quantitative
analysis using the equation:
DA  DAmax 3 1 2 exp 2 k 3 relative flash intensity 1
reveals that the absorption cross-section of the PSI–IsiA complex
is about 44% higher than for PSI: k, which is a measure of
the efficiency of photon capture, is 0.045 6 0.003 for PSI and
0.065 6 0.007 for the PSI–IsiA complex; A is the absorbance. This
indicates, together with fluorescence spectra and PSI kinetics (data
not shown), that IsiA is indeed a functional antenna for PSI.
Furthermore, the determined structure of trimeric PSI at 2.5 A˚
resolution shows chlorophyll molecules that are bound to the
outside of PSI (ref. 11). These pigments are ideally positioned for
excitation energy transfer from the IsiA ring to the PSI reaction
centre.
Imaging of the purified PSI–IsiA complex by electron microscopy
revealed large numbers of a circular flat particle with a diameter of
345 A˚ (Fig. 3a). A data set of top-view projections was analysed by
single-particle analysis, which revealed that the new complex is
composed of a central trimeric PSI complex surrounded by a ring of
18 densities. Classification of projections indicated that the main
variation in the data set was the amount of tilting. Well preserved,
three-fold rotational symmetry, which is to be expected from zero-
tilted particles, was only present in limited numbers of projections
(Fig. 3b), indicating that about 95% of the particles are slightly
tilted (Fig. 3c, d). The resolution in the images of Fig. 3b–d is about
22, 14 and 15 A˚, respectively, allowing a close interpretation of the
projected structure.
First, comparison with previously studied PSI particles indicated
that the PSI–IsiA complexes12,13 are attached to the carbon support
film by the bulky stromal surface. Apparently this 40-A˚-high
stromal ridge and the rather flat ring of peripheral IsiA subunits
together cause the slight tilt of most of the particles.











































Figure 1 Purification and subunit analysis of the PSI–IsiA complex. a, Elution profiles for
thylakoid membrane protein extracts of cells grown under either normal (lower trace) or
iron-deficient conditions (upper trace). Purification was carried out on an anion-exchange
column using a linear magnesium sulphate gradient for elution, and monitored at 435 nm.
b, Size-exclusion chromatography of purified trimeric PSI and of PSI–IsiA complexes as
indicated. c, SDS–PAGE and Coomassie staining of trimeric PSI (lane 1) and the PSI–IsiA





















Figure 2 Light-saturation curves of the absorbance changes of PSI (circles and dashed
line) and the PSI–IsiA complex (squares and solid line). Flash intensity was varied by a set
of neutral-density filters. The absolute values of the signals at 100% flash intensity are
DA = (2.5 6 0.2) · 10-3 (n = 7) for PSI and DA = (1.6 6 0.2) · 10-3 (n = 6) for PSI–IsiA.
The curves are based on equation (1).
© 2001 Macmillan Magazines Ltd
letters to nature
NATURE | VOL 412 | 16 AUGUST 2001 | www.nature.com 747
comparison to the homologous CP43 subunit of PSII (ref. 8). Its
projected density has been modelled into the untilted projection
(Fig. 3e) and fits into each of the 18 peripheral densities if the
periphery is corrected for an attached detergent shell14. From this fit,
it can be concluded that the new complex is composed of a ring of 18
IsiA proteins with a diameter of 310 A˚. The PSI trimer is not a
perfect circle and hence the 18 IsiA proteins do not form a perfect
ring either. The two IsiA molecules that bind closest to the centre of
each PSI monomer are shifted in an outward direction by about 7 A˚
and thus have a wider separation.
The gene coding for IsiA can be found in various cyanobacterial
species where it is present in a single copy. Prochlorophytes,
oxygenic prokaryotes possessing chlorophyll b, contain so-called
pcb genes, which bind chlorophyll b and resemble IsiA (ref. 15). It
will be interesting to discover how light-harvesting complexes are
organized in this class of cyanobacteria, especially as it has been
shown that prochlorophytes that are adapted to low light conditions
contain several variations of pcb genes16. Our data give a clear
structural characterization of a photosystem complex from a
cyanobacterium with a peripheral membrane-bound antenna.
This PSI–IsiA supercomplex is markedly different from all periph-
eral membrane-bound antenna complexes observed in green plants,
including PSI and PSII (refs 12, 17). The IsiA ring resembles
multimers of light-harvesting proteins (LH1 and LH2) found in
anoxygenic purple bacteria18,19. We now know of three peripheral
chlorophyll-binding antenna systems: LH rings in purple bacteria,
IsiA rings in cyanobacteria and LHC trimers/dimers in chloroplasts.
Despite similarities in organization, all are structurally different
from each other and are examples of convergent evolution. M
Methods
Cell culture
Synechococcus sp. PCC 7942 cells were grown in liquid BG-11 medium. Iron deficiency was
achieved by omitting iron sources in the medium; cells were grown for 4 days (once
diluted) in this medium. Growth conditions were as described20 except that cultures were
illuminated in constant light with fluorescent light tubes (Sylvana Luxline ES 18 W) at a
light intensity of 120 mE m-2 s-1.
PSI–IsiA purification
We isolated the PSI–IsiA complex from Synechococcus as described21 with some
modifications. Solubilized membrane protein complexes were purified by anion-exchange
chromatography (Poros 50 HQ, Applied Biosystems) using a magnesium sulphate
gradient, followed by hydrophobic-interaction chromatography (Poros Butyl, Applied
Biosystems) using an ammonium sulphate gradient. We used size-exclusion chromato-
graphy (BioSilect 400, Bio-Rad) as a final purification step before electron microscopy.
Purified particles were concentrated by ultrafiltration (100K cut-off filter) and stored in
buffer containing 20 mM MES, pH 6.5, 10 mM CaCl2, 10 mM MgCl2 and 0.03% b-dodecyl
maltoside at -70 8C before use.
Mass spectrometry
Proteins were digested in gel using trypsin (Promega). Peptides were purified and
concentrated using ZipTips C18 (Millipore). De novo sequencing was done on a
quadrupole/time-of-flight hybrid mass spectrometer (Q-TOF2, Micromass) in positive-
ion mode.
Electron microscopy
Transmission electron microscopy was performed with a Philips CM10 electron
microscope at ·52,000 magnification. We prepared negatively stained specimens on glow-
discharged carbon-coated grids. From 119 digitized electron micrographs, 5,200 well
preserved top-view projections were extracted for single-particle image analysis. Multi-
reference alignment, multivariate statistical analysis and classification were performed
with IMAGIC software22,23 and Grip software.
Difference spectroscopy
Flash-induced absorption changes at 703 nm were measured at a chlorophyll a
concentration of 4 mM in a buffer containing 50 mM ACES, pH 6.5, 50 mM KCl, 30 mM
phenazine methosulphate and 5 mM sodium ascorbate. Saturating blue light flashes were
obtained by a xenon flash lamp equipped with blue glass filters. The antenna size was
calculated from the signal amplitude using an extinction coefficient of 64 mM-1 cm-1
(ref. 24).
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Figure 3 Electron microscopy of PSI–IsiA complexes and their interpretation. a, Electron
micrograph of isolated complexes, negatively stained with uranyl acetate. b–d, Results of
multivariate statistical analysis and classification of top-view projections; average images
of 231 (b), 2,000 (c) and 2,000 (d) projections. e, Contoured version of the three-fold-
symmetrical class sum from b. The centre of the complex is formed by a trimeric PSI
complex (red) and is surrounded by a ring of 18 IsiA proteins (green), each consisting of six
membrane-spanning a-helices (dark green dots) and 12 chlorophyll a molecules (blue
dots). A detergent shell (yellow) surrounds the complex in projection. The images are
presented as facing from the p-side of the thylakoid membrane, which is equivalent to the
lumenal side in green plants.
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